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Introduction 
Recently the study of the interaction of two heavy ions has become an 
important field in the area of nuclear physics. With the development of 
accelerators and colliders, very high centre of mass energy can be achieved. 
Heavy ion fusion reaction provides a unique facility of producing nuclei with high 
excitation energy and large spin, which is quite helpful in conditions that are not 
easily formed in other reactions. Nuclei produced in heavy ion interactions may 
also have extreme shapes or extreme neutron to proton ratios. Experimenters 
can create such nuclei using artrficially induced fusion or nucleon transfer 
reactions, employing ion beams from an accelerator. 
Nuclear reaction induced by Heavy Ion (HI) exhibits the characteristics 
both of compound nucleus and the direct reaction (stripping and pick up 
mechanism), which depends upon the time. In compound nucleus reaction, the 
projectile is absorbed by the target nucleus, forming a compound nucleus, which 
is subsequently decayed in a statistical way as assumed by Bohr in 1936(1). 
According to Bohr, the nuclear reaction takes place in two distinct and 
independent stages (i) formation of a compound nucleus (ii) the disintegration of 
compound nucleus into the products of reaction. The compound nucleus, which 
is many body system of strongly interacting particles is formed by the 
amalgamation of an incident particle x with a target nucleus X shown as 
X + X -> C' 1.1 
The incident particle captured by a nucleus gives up its energy to a few 
nucleons and as a result of the interaction of these nucleons with all the others, 
the energy is quickly distributed among all the nucleons of the compound 
nucleus. The mode of disintegration of compound nucleus is independent of the 
mode of formation and depends only on its energy, angular momentum and 
parity .The compound nucleus has a life time which is long (10-^^-10'^ ^sec) 
compared to the time for a nucleon to traverse a nucleus (10'^ °-10-^^sec). This 
finite life time is because, there can always be a statistical fluctuation in the 
energy distribution which concentrates enough energy on a nucleon to allow to 
escape. If the different process leads to the same compound nucleus the 
decomposition is identical. A compound nucleus once fomned can decay in a 
number of different ways, each with its own intrinsic probability as shown in Fig. 
1.1. 
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Fig. 1.1: Pictorial Representation of a Heavy Ion Reaction 
A direct reaction is one, which proceeds without the fonnation of a 
compound nucleus. The time during which the incident particle interacts with the 
target nucleus is much shorter than the life of corresponding compound nucleus. 
Formation of a compound nucleus is more likely at low energy whereas the direct 
reaction mechanism will prevail at higher energies. The term direct reaction is 
used for a variety of nuclear processes including inelastic nuclear collisions, 
stripping and its inverse, the pick up reaction. According to the direct reaction, a 
collision of an incident particle with the nucleus may immediately pull one of the 
nucleons out of the target nucleus by the so-called pick up reaction. In the 
inverse process, a bombarding particle composed of nrrare than one nucleon may 
lose one of them to the target by the so called stripping reaction. 
Physical description of heavy ion interaction is a process, which depends 
upon the large extent of the impact parameter RL and at high energies is related 
to the con-esponding orbital angular momentum L by the semi classical 
expression 
Lh -^ mvRi^ -^ KhRi^ 1.2 
The corresponding orbital angular momentum L or the impact parameter 
RL is to characterize the type of interaction (2) The interaction between the two 
ions of the effective potential in the radial wave equation has three terms (i) the 
Coulomb potential (ii) the strongly attractive nuclear potential (iii) repulsive 
centrifugal potential. The sum of these three terms gives a series of potential that 
depends on L and radial distance r. The Coubmb potential and centrifugal 
potential can be calculated easily while the nuclear potential is difficult to 
determine. 
The overall features of heavy ion interactions can be described by Fig.1.2. 
At energies below the Coulomb bamer, the ions do not touch and can interact 
only through the Coulomb field, and this results in Rutherford scattering 
Elastic scattering 
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Fig.1.2: Classical picture of Heavy ion interactions, showing the trajectories 
corr^ponding to distant, grazing and close coliisions. 
and possibly Coulomb excitation. At higher energies, the ions interact through the 
nuclear potential and it then becomes more convenient to talk about the 
interaction in terms of the impact parameter RL This becomes more applicable as 
the energy increases since the centrifugal potential then dominates the Coulomb 
potential. If RL is comparable to the sum of the radii of the ions, a grazing 
collisions takes place, and the ions can be elastically or in-elastically scattered or 
a few nucleons can be transferred from one to the other, these may be referred 
to collectively as peripheral interactions. The elastic scattering is described by 
the total interaction potential and it is also possible for one or both the ions to be 
excited by the interaction, and such inelastic scattering may be described by an 
extension of the optical model that allows for this possibility using a simple model 
of the nuclear excitation. The regions of impact parameter and corresponding 
orbital angular momentum associated with different types of heavy ion interaction 
at high energies are given below 
Impact Parameter Orbital Angular 
Momentum 
Types of Interaction 
RL > RN 
RN > RL > RDIC 
RDIC > RL > RF 
RL < RF 
L > LN 
LN > L > LDIC 
LDIC > L > LF 
L < LF 
Rutherford scattering; 
Coulomb excitation 
Elastic and Inelastic 
Scattering, 
Few-nucleon Transfer 
Reaction 
Deep inelastic scattering 
Fusion 
The total cross sections for these processes may be estimated with limits 
of orbital angular momentum (3). A schematic division of the cross sections with 
orbital angular momentum is shown in Fig. 1.3. 
Fig.1.3: Schematic decomposition of the total reaction cross section into the 
cross section for compound nucleus formation (OCN), for deep inelastic 
scattering (aoic), and for direct reaction (CTD) as a function of orbital 
angular momentum. 
The study of nuclear reaction mechanism in heavy ion induced reactions 
has attracted nuclear physicists for past many years. Recent literature (4-6) 
reports complete (CF) and incomplete fusion (ICF) as the possible reaction 
mechanism in heavy ion induced reactions. It has been observed that these 
reactions start competing with complete fusion reactions at energies near and 
above the Coulomb barrier. In case of incomplete fusion reactions, only a part of 
the projectile fuses with the target nucleus, while rest of it escapes with nearly 
the same velocity as that of incident ion mainly in the fonward cone. Some 
important characteristics of incomplete fusion reactions are 
1. observation of high cross sections than predicted by fusion mode. 
2. incomplete momentum transfer, in which some part of the projectile 
behaves as spectator while the remainder fuses with the target. 
3. forward peak angular distribution of outgoing particles. 
In case of medium energy heavy ion reactions several ICF channels may 
be observed. However, emission of alpha particles is known to constitute a major 
fraction of ICF cross sections. Further, as the excitation energy is increased it Is 
quite possible that the nuclear particles are evaporated prior to the attainment of 
equilibrium (EQ) process. This phenomenon is known as pre-equilibrium (PE) 
process. Thus, in heavy ion interaction ICF and PE processes may lead to the 
enhancement of cross sections for certain reaction channels. With a view to 
study CF and ICF in heavy ion induced reactions, a program of precise 
measurement and analysis of excitation functions for the ""^ C+^ ^Cr system has 
been undertaken. Pictorial representation of CF as well as ICF channels in the 
interaction of ^^ C+^^ Cr system is shown in Figs. 1.4 - 1.6. 
'ic. 
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Fig.1.4: Pictorial representation of complete fusion of ^^ C with "Cr. 
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Fig.1.5: Pictorial representation of incomplete fusion of 'Be with "Cr. 
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Fig.1.6: Pictorial representation of incomplete fusion of alpha particle \Anth "Cr. 
The experiment was performed using 15 UD Pelletron at tlie inter-
University Accelerator Centre (lUAC), New Delhi, India. The stacked foil 
activation technique was used. The target stack was in-adiated in General 
Purpose Scattering Chamber (GPSC) having in vacuum transfer facility. Gamma 
spectra were recorded and analyzed with the help of lUAC developed software 
"FREEDOM". The measured excitation functions were also compared with the 
values obtained using the computer code ALICE-91 (7). 
Details of experiment have been discussed in chapter H. The computer 
code based on various nuclear models is given in chapter HI. Measured 
excitation functions are presented in chapter IV. The results are discussed in 
Chapter V. The references are presented at the end of every chapter. 
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Experimental Details 
The two important techniques which are usually employed in the 
measurement of charged particle induced reaction cross sections are 
2.1 On line or In beam technique 
2.2 Off line or Off beam technique 
2.1 On line or in beam technique 
In this technique, emitted particles are counted by a particle telescope. 
The detection of radiation and the in-adiation of the target are done at the same 
time. 
2.2 Off line or off beam technique 
In this technique, the detection of radiation and the Inradiation of the target 
are done individually. The principle of this technique is to analyze the activity of 
the residual nucleus obtained from the particular reaction. Therefore, we may call 
it the activation technique (1). By using proper detector, we can study (3 or y-
actlvities associated with the residual nucleus. 
The advantage of the activation technique is that one can measure the 
induced reaction cross section for more than one reaction by using the stacked 
foil technique in one in-adiation at different energies. It is important to note that 
this technique is limited only for those target isotopes, which are stable and 
whose reaction products are radioactive and having measurable half-life. But 
sometimes it becomes more complicated due to the presence of radiations of 
similar energies for more than one reaction products or in other words due to the 
presence of interfering reaction. In the case of mixing gamma-rays due to 
different Isotopes, the contribution from each isotope can be separated out on the 
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basis of their half lives, by following the induced activities for a considerably 
longer period. 
2.3 Energy Calibration 
In gamma-ray spectrum, pulse height calibration in terms of absolute 
gamma-ray energy is important for proper identification of the peaks. In general 
the corresponding peaks can be identified without difficulty by inspection. By 
using the calibration curve, the unknown gamma-ray energy can be determined. 
Accurate calibration should involve a standard source with gamma-ray energies 
that are not quite different from those to be measured in unknown spectrum. 
In the present experiment, Eu-152 standard gamma-rays source has 
been used for the calibration of the 100 cc High Purity Germanium (HPGe) 
Detector. The Eu-152 source emits intense gamma rays, which have a wide 
energy range from 121 KeV to about 1408 KeV. The source was obtained from 
the Inter-University Accelerator Centre (lUAC), New Delhi, India. Keeping the 
standard source at the desired geometry near the detector, channel numbers 
corresponding to the different gamma energies were obtained. Table 2.1 lists the 
prominent gamma rays along with their intensities used in the present calibration. 
2.4 Detector Efficiency 
Detector efficiency is defined as the percentage of ionizing radiations 
hitting the detector. A standard Eu-152 gamma ray source of known strength has 
been used for the detemnination of detector efficiency, which is essential for 
determining the absolute emission rate of gamma-rays emitted by the activated 
sample under investigation. A 100 cc HPGe detector was used for the efficiency 
determination. There are two problems in the case of Ge (Li) detector (i) the 
variety of drift geometries (ii) less standardization of sizes (2). The variation of 
efficiency with energy for detectors of roughly the same size and shape is quite 
similar even though the absolute values may differ. The Monte Cario approach 
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(3,4) is the best method of calculation for the detector efficiency. The validity of 
various semi-empirical mass formulae (5-7) and analytical function of the 
detector efficiency of Ge(Li) was discussed by Singh (8). It is desirable to decide 
detector efficiency experimentally. 
The intrinsic photo peak detection efficiency of different gamma-ray source 
energies can be calculated by using the relation 
C.e^ 
E =• So.e-G 
•2.4.1 
where C is the number of count per second under the photo peak, X is the decay 
constant of source, t is the time lapsed between start of counting and the date of 
manufacture of standard gamma-ray source, So is the strength of the source at 
the time of its manufacture, 9 is the absolute intensity of relevant gamma ray and 
G is the geometrical factor which is equal to ( ^ ), where Q is solid angle in 
steradians subtended by the detector surface facing the source. The probable 
error in the determination of geometry factor has been avoided by determining 
the relative geometry dependent efficiency and is shown by the relation 
e.G = i ± - 2.4.2 
So-e 
8.G is called the relative Geometry Dependent Efficiency of the Ge(Li) detector. 
The in-adiated target and the standard ^^ ^Eu source were counted in the same 
geometry. The values of 9 & A, are taken from Ref. (9). The value of So is taken 
from data supplied by the manufacture. The results are summarized in Table 2.1. 
Geometry dependent efficiency curves as a function of gamma ray energy at 
different source detector distances are shown in Fig. 2.1. A polynomial of degree 
4 having the following form was found to give the best fit for these curves 
E.G-^OQ +a^x + a2 x^ +ajX^ +a^x^ 2.4.3 
where ao, ai, 82, 83 and a^ are the coefficients having different values for different 
source detector distances, x is the energy of characteristic gamma-ray. The 
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values of e G thus obtained were plotted as a function of energy using the 
program ORIGIN 6.0. 
Table- 2.1 
Geometry Dependent Efficiency of Ge(Li) detector for Gamma rays at 
different energies 
Source Gamma-
rays 
Energy 
(keV) 
Absolute 
Irttensity 
0(%) 
Photo 
Peak 
Counts 
e.Gx1(r^ 
at 4.9 cm 
Photo 
Peak 
Counts 
(A) 
s.GX10r^ 
at 8.6 cm 
Eu^^^ 121.8 28.4 416587 15.6 272625 10.2 
244.7 7.5 55218 7.8 40007 5.7 
344.3 26.6 152267 6.1 105326 4.2 
411.1 2.2 10090 4.8 7438 3.5 
443.9 2.8 12858 4.8 9323 3.5 \ 
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Fig.2.1: Geometry Dependent Efficiency of the HPGe detector at different 
distances. 
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2.5 Formulation 
If No is the initial number of target nuclei present in the sample and 
irradiated by the beam of incident flux (j), then the rate of production of a particular 
activity is given by 
R, = No <^cr, 2.5.1 
where a r is the activation reaction cross section of product nuclei and 
N o = ^ ^ ^ 2.5.2 
Ao 
where m is the mass of the target foil in gram, N is the Avagadro's number 
(=6.023 X 10^^ atoms), f is the percentage abundance of the isotope in the target 
and Ao is the atomic weight of the target material. 
The equation (2.5.1) will have to be modified to take into account their 
simultaneous decay. If the target stack has been in-adiated for a time, ti , the time 
lapse between stop of irradiation and start of counting, t2 and the activity 
produced in a target is counted at time, ta, then the decay rate of the induced 
activity at time, t is given by 
—- = cr^^A^Jl-exp(-/l/,)].exp(-i/) 2.5.3 
V "'" J, 
where the factor [l-exp(-/li',)]is called the saturation correction factor. X is the 
decay constant of the residual nucleus [X = .692)1 ty , where ty is the half-life of 
residual nucleus]. The number of decay of the induced activity in small time 
interval, dt can be written as 
dN =o-,^A^o[l-exp(-Afi)]. exp(-;i/)^^ 2.5.4 
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Then the number of nuclei decay in time, t2 to (ta +13) is given as 
C = \cIN 
= 0-, (/) A^o [l - exp(- X r,)] |exp(- A t) dt 
^, ^cy,(l)N,\[~exp(-Xr,)][l-exp(-Xt,)] 2.^^ 
X exp{Xt2) 
If A is the number of counts observed during the time interval, ta by the 
counting device, e is the efficiency of the detector, G is the geometry factor, 6 is 
the branching ratio of the particular gamma-ray and K is the con-ection factor for 
gamma-ray self absorption in the target and is given by 
^J-cxp{-Md)] 2.5.6 
Md 
where |a is the gamma-ray absorption coefficient (10) for the target in 
cm^g and d is the thickness of the disc shaped target {g/cm^) under 
Investigation, then the actual number of disintegration, C will be given as 
C =-, ~ 2.5.7 
(£.G).0.K 
From equations (2.5.5) and (2.5.7), we can write 
^ ^ A.XexpjXt^) 2 5 8 
N,.^. 0.{£G).K[\-exp{-Xt^)][l-exp{-Xt,)] 
The above equation was used to measure the activation cross section for 
a particular reaction product. 
In the present measurements when more than one gamma-ray were 
available for a particular reaction at the same energy then the experimental cross 
section value was taken as the weighted average of the individual cross section 
of these gamma-rays. Following fonnulation has been used for determining the 
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weighted average (11). If, suppose Xi± AXi, X2± AX2, X3± AX3, are the different 
measured values of the same quantity then the weighted average is given as 
X=^^'^' 2.5.9 
where 
W^=—?—r • 2.5.10 
The Internal error (I. Er) is given by, 
IE . - = [zWit 2.5.11 
And External error (E. Er) is given by. 
E • E ;• 
E^.(X-X,.) 2.5.12 
The internal en-or depends on the errors of individual observation hence 
on the internal consistency whereas the extemal error depends upon the 
difference between observations from the mean value hence is a function of 
external consistency of the observations. Based on the above formulation, a 
computer program "NPSIGMA" (12) was developed for the calculation of cross 
sections at various energies in the present study. 
2.6 Target Preparation 
There are many techniques by which target nuclides can be deposited as 
thin and thick layers on substrates or can be prepared as self-supporting foils, 
which satisfy the stringent requirements of heavy ion research. Targets of 
enriched isotope of ^^ Cr (83.79 %) of thickness 364.32 ng/cm^ were prepared by 
vacuum evaporation technique at the target division of lUAC, New Delhi, India. 
The ^^ Cr material was deposited on the aluminum foils of thickness 0.90 - 1.87 
mg/cm^. The thickness of each target was measured by using '^'^ Am source 
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having 5.485 MeV energy of alpha particles while traversing through the target 
material. In the target, the aluminum backing served as energy degrader as well 
as backing material. The targets were pasted on aluminum holders of size 
1.2x1.2cm^ having a circular hole of diameter 10 mm in the center. 
2.7 irradiation and counting 
In the stacked foil activation technique, a number of target foils are 
properly arranged to form a stack. The stack comprising of five target foils with 
energy degraders was irradiated by ^^ C beam (6"" state) of energy 80.0 MeV at 
the Inter-University Accelerator Centre, New Delhi, India. The irradiation was 
done in the General Purpose Scattering Chamber (GPSC) having in vacuum 
transfer facility (so that the targets may be put in it without disturbing the high 
vacuum). In order to achieve the desired variation of incident energy, aluminum 
foils were sandwiched between successive target foils of the stack as energy 
degraders wherever desired. 
The target stack along with aluminum foils was arranged in such a way that 
the ^^ Gr material was facing the beam. The stack arrangement of chromium is 
shown in Fig.2.2. The irradiation time of about 4 hours was chosen according to 
the half-lives of the evaporation residues of interest. The beam current was about 
36-38 nA. The total charge collected was around 456 nC. This was measured 
using an electron suppressed Faraday cup placed behind the target assembly. A 
typical experimental setup used for the irradiation is shown in Fig 2.3. The 
incident energy of ^^ C beam on each foil in the stack was calculated from the 
software "SRIM" Version 2003(13). 
After irradiation and cooling, a 100 cc HPGe detector coupled to PC based 
data acquisition system having software "FREEDOM" was used for recording the 
spectra of residual activit/ induced in the individual foil. 
19 
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Fig.2.3: Experimental setup used for irradiation 
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2.8 Errors 
It is very important to estimate the errors associated with a particular 
measurement. Generally, the errors involved in the measurement of cross 
section consist of statistical and systematic errors. The various factors likely to 
Introduce errors in the present measurements are discussed below along with 
the possible ways of its limitation. 
1. The erratic behavior of electronic equipments may introduce some errors in 
the measurement. Stabilizing the electronic equipments for a few hours 
before the start of the experiment can minimize the error. 
2. The non-uniform thickness of targets and the measurements of thickness may 
also introduce some en-ors. The error was minimized by measuring the 
thickness of the target foils by alpha transmission method. The estimated 
error due to this factor was less than 1%. 
3. The calculated detection efficiency may be inaccurate due to the uncertainty 
in the spectroscopic data. However, the statistical error in the counting of the 
standard Eu^^^ gamma source used for the efficiency calculation was 
estimated to be around 4%. 
4. During irradiation, fluctuation in the beam current may introduce certain 
errors. By adjusting the necessary parameters In the operation of Pelletron, 
the fluctuations were minimized. 
5. Absolute abundances of the characteristic gamma-rays may have some 
errors, which vary between 1-8%. 
6. In the pulse processing electronics, the dead time may lead to a loss of 
counts. By adjusting the sample detector distance the dead time corrections 
were minimized. The dead time was below 10% when the activity of irradiated 
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sample was large and corrections for it were applied accordingly in the 
counting rate. 
7. Errors due to the straggling effect of the ion beam were estimated to be less 
than 2%. 
8. During the irradiation, the initial beam energy was degraded down to around 
half of its original value. As the carbon beam traverses the stack material, the 
initial beam intensity may become disturbed. This decrease in beam intensity 
may introduce certain errors. The maximum beam loss at the end of the 
chromium stack was calculated to be 2%. 
9. In the measured cross section, the total absolute en-or includes the statistical 
error in the measured peak areas together with the systematic errors. The 
overall errors in the cross section lie between 2-27 %. This error will vary from 
one to another case depending upon the activities induced in the target foil. 
22 
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CHAPTER-m 
Computer Code 
On the basis of statistical model, theoretical calculations of excitation 
functions have been done using AUCE-91 computer code (1). ALICE-91 is an 
Improved version of the earlier ALICE and OVERLAID codes. Calculation of 
equilibrium and pre-equilibrium emission in this code can be performed 
employing Weisskopf-Ewing model (2) and geometry dependent hybrid model 
(3,4), respectively. Statistical fission calculation can be done in the framework of 
Bohr-Wheeler transition state model. 
This code is valid for excitation energy of the compound nucleus up to 300 
MeV. In the Weisskopf-Ewing evaporation formulation conservation of angular 
momentum is not taken into account explicitly, which in tern reduces the 
computer running time to a considerable account. However, an approximate 
treatment of angular momentum effect is incorporated using S-wave 
approximation (5,6). The rotational energy and fission calculation are estimated 
from the Cohen's (7) rotating liquid drop model. ALICE-91 also takes into account 
the emission of particles in groups. The particular groups of particles, which may 
be considered, are neutron, neutron and proton, neutron, proton and alpha 
particles, or neutron, proton, alpha particles and deuteron. Organization of this 
code does not permit any other combination of particles. The incident particle 
may either be a nucleon or a complex nucleus. This code does not take into 
account sequence of emission of particle, i.e. np and pn emission are not 
distinguished. 
The present version of this code is able to perform the calculation of the 
excitation function of compound nucleus in the bombarding energy range of few 
MeV to 300 MeV. It does not taken into account the possibility of incomplete 
fusion but can compute statistical fission calculation in the framewori^ of Bohr-
Wheeler approach using angular momentum dependent ground state and saddle 
point energies (8). Reaction cross section of residual nuclei of a grid of 11 mass 
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units wide by 9 atomic nuclear units may be calculated from the compound 
nucleus. Various parameters like Q-value, n, p, d & a, binding energies for all the 
nuclei in the evaporation chain are calculated within the code using Myers-
Swiatecki / Lysekil mass formula (9). For pairing term four options are available 
within the code: (i) No consideration of pairing term, (ii) 5 = ^ Vrv, taken as 6 = 0 
for odd-even nuclides, 5 = +6 for even-even nuclides and 5 = -6 for odd-odd 
nuclides, (ill) 6 = 0 for even-even nuclides, 6 = -6 for odd-even nuclides and 6 = -
26 for odd-odd nuclides, in the framework of back-shifted level density / pairing 
treatment (10). 
The optical model cut-off may be used to calculate the inverse reaction 
cross section for all the emitted particles in this code, [which uses the Bechhetti 
and Greenless (11) optical parameters]. For heavy ion, the transmitted 
coefficients for exit and entrance channels are within the code using the 
parabolic model of Thomas (12) for projectiles. The optical model routine was 
used for generating transmission coefficient for neutron, proton and deuteron. 
The optical parameter used in this code may have uncertainty as large as 50%. 
Pre-equilibrium calculation in this code may be performed in the 
framework of Hybrid Model (3) or Geometry Dependent Hybrid (GDH) Model (4). 
Very few parameters are required to be given as input data for pre-equilibrium 
calculation. As most of the parameters are generated within the code by defaults, 
the input data are required, neutron and proton number of target and projectile, 
the initial exciton number 'no', level density parameter 'a' and the mean free path 
multiplier 'COST. The mean free path for intra nuclear transition rates may be 
calculated within the code either from imaginary optical potential parameter of 
Bechhetti and Greenlees (11) or from the Pauli corrected nucleon-nucleon 
scattering cross-sections (13). Both methods give the similar results. The 
calculated mean free path for two bodies residual interaction may differ from 
actual mean free path. As such nuclear mean free path can be adjusted so as to 
produce the experimental excitation function by varying the parameter 'COST'. 
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Pre-equilibrium emission for only one particle was considered in the earlier 
version of the code. However, this assumption becomes increasingly poor with 
the increase in excitation energy. 
In this code, the single particle level density for neutron (gn) and proton 
(QP) is calculated as 
, , ^ N ] i x Z ^ ' 3.1 
20 1 E^ 
Vi 
^M_\E,-B,^E^ 3^ 
^'' 20 [ E^ 
where Ef is the fermi energy, Bn, Bpis the binding energy of neutron and proton 
number of compound nucleus, respectively. 
Level density of nuclides involved in evaporation chain play a crucial role 
in statistical nuclear reaction. In this code, level density fomiula used is 
p^ .((/_^)->4^[^^/^I^] 3.3 
where U is the excitation energy of the residual system, 6 is the pairing term and 
a is the level density parameter (= 44 ) - '^®'^ ^ '® **^ ® "^^^^ number of the 
compound nucleus and not the residual nucleus fomned as a result of absorption 
projectile by target and K is a constant whose value spread over a wide region 
[given in literature (14-16)]. The level density p(U) at constant temperature (17) is 
given as 
P^^\^''' 3.4 
The differential cross section for emitting a particle with channel energy e 
on the basis of equilibrium decay model given by Weisskopf-Ewing (2) can be 
written as 
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CO 00 / + ! 
da 1.0 /-o yH'-'l , c 
t / i " D 
where X is the reduced de-Broglie wave length of the incident ion, T| is the 
transmission coefficient of the l"^  partial wave of incident ion, p(E, J) is the spin 
dependent level density for the residual nucleus, D is the integral of the 
numerator overall particles and emission energies, Sv is the intrinsic spin of the 
particle v, Tv' (e) is the transmission coefflctent for the particle, v with orbital 
angular momentum, I, I and J are the angular momentum of emitted particle and 
residual nucleus, respectively. 
For simplification, the level density p(E,J) can be replaced by p(E, I), 
K}}f^{2I+\) r, (25,+1) f^{21 + \)Tl{E)p{E,l) 
de 
1=0 /=0 o ^ 
•i.o D 
Where 
t(2/ + i) r.'W = ^ \ms 
/=o r:h 
So 
^ '=° 3.7 
V de)^ D 
This is known as S-wave approximation. In the Weisskopf-Ewing calculations, 
the nuclear moment of inertia is infinite and hence there is no energy tied to 
rotation, thus no level density cut-off at high spin. This code does not take into 
account the angular momentum involved in heavy ion reactions. The heavy ion 
projectiles impart large angular momentum to the composite system having a 
finite moment of inertia and hence greater rotational energy. Because of nuclear 
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rotation, a nucleus with a given angular momentum, J cannot have energy (18) 
below a minimum value, Ej"". E'f" as a function of J is 
A7" ^J(J + \) — 3.8 
where / is the composite nucleus moment of inertia. 
In the last stage of nuclear de-excitation, higher angular momentum of the 
nucleus inhibits particle emission more than gamma-ray emission. Therefore the 
excitation function peak correspond to the particle emission mode will be shifted 
to higher energy (19). A similar shift may also be obtained, if the mean energy of 
the evaporated particles increases with increasing nuclear spin. The over all 
energy shift is evaluated from the nuclear rotational energy. For a rigid body, 
rotational energy (19) is written as 
E ^I^E 3 9 
M 
where m is the projectile mass, M is the mass of target nuclei and Eiab is the 
incident projectile energy. It is desirable to shift the calculated excitation function 
by the amount approximately equal to Erot to account for large angular 
momentum imparted. The logic flow of code AUCE-91 is shown in Fig. 3.1. 
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Z~ 7 
Fig.3.1: Logic flow of thoALICE-91 code 
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Measurements 
In the present work, various reactions induced by ^^ C on ^^ Cr target were 
observed by characteristic gamma lines obtained from the decay of residual 
nuclei. The reaction channels observed (residual nucleus unstable) for ^^ Cr target 
in the energy range considered in the measurement are tabulated in Table 4.0. In 
the table given below, other details viz. Q-value, residual nucleus, half-life, 
gamma-ray energy and absolute gamma-ray intensities are also shown. The Q-
value of different reactions is taken from Ref. (1) and other decay data from Ref. 
(2). Weak gamma-rays as well as gamma-rays having energies higher than 1.6 
MeV are not taken into consideration. A typical gamma-ray spectrum obtained 
from 80.0 MeV ^^ C beam energy is shown in Fig 4.0. 
Table -4.0 
Nuclear Spectroscopic data used for the evaluation of cross-sections in 
52, Cr Target 
Reaction Half-life Q-Value Spin- Gamma- Absolute 
(Ti/z) (MeV) parity ray 
Energy 
(key) 
lntensity(%) \ 
'Cr(C,2nrZn 9.19 h -10.385 
52r \61 Cr(C,p2nr'Cu 3.33h -16.864 
0" 
3/2" 
243.5 2.5 
247.0 1.9 
260.5 1.3 
394.1 2.2 
507.6 14.6 
548.4 15.2 
596.7 25.7 
67.4 3.9 
282.9 12.5 
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52, Cr(C,p3nf°Cu 23.2m -28.574 2* 
52, Cr(C,ap3nfCo 77.7d -33.305 4" 
52, Cr(C,ap4n)''Co 17.5h -43.387 7/2" 
52^ Cr(C,a3pnrMn 2.58h -30.870 3" 
373.1 2.2 
588.6 1.2 
656.0 10.7 
908.6 1.2 
1185.2 3.7 
467.3 3.5 
497.9 1.7 
826.3 21.9 
909.2 2.0 
952.4 2.7 
1035.2 3.7 
1110.5 1.1 
1293.7 1.9 
1332.5 88.0 
846.8 99.9 
977.5 1.4 
1037.9 14.1 
1175.2 2.3 
1238.3 67.0 
1360.3 4.3 
91.9 1.2 
411.4 1.1 
477.2 20.2 
803.7 1.9 
931.2 75.0 
1316.6 7.1 
1369.9 2.9 
1408.4 16.9 
846.2 98.9 
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4.1 Excitation function for the reaction "Cr(C,2n) "Zn 
^^Zn may be produced via the complete fusion of ^^ C with ^^Cr followed by 
the evaporation of two neutrons from the compound nucleus. The evaporation 
residue ^^Zn decays to the levels of °^Cu by 93.1% through EC and 6.9% by p' 
emission. The half-life of product nucleus is 9.19 h with spin parity 0*. The Q-
value of this reaction is -10.385 MeV. The reaction cross sections obtained for 
this reaction at five different projectile energies are given in Table 4.1. 
Table - 4.1 
Measured cross sections for the reaction "Cr(C, 2n)"Zn 
Incident flux, {(]>} =2.96x10^^ p/sec-cm"^ 
Number of target nuclei, { No} =4.44x10^^ 
S.No. Incident Projectile Weigiited Average 
Energy (MeV) cross section a (mb) 
aaamaai^mSSSmHmmmmmmmmmmmmmmmmKBBBSStBBSSSSBSBSBSSSImmmmmmmmm^ 
1 52.2 21.2 ±2.1 
2 60.6 13.3 ±0.7 
3 67.8 9.2 ±1.0 
4 74.6 3.6 ± 0.5 
5 80.0 3.0 ±0.2 
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4.2 Excitation function for the reaction "Cr(C,p2n)®^Cu 
In this reaction, tlie product nucleus has half-life of 3.33h and spin parity of 
3/2". The Q-value of this reaction is - 16.864 MeV. The evaporation residue ^ ^Cu 
is produced by the complete fusion of ""^ C with ^^Cr followed by the evaporation 
of one proton and two neutrons fronn the compound nucleus. The residual 
nucleus ^^Cu decays to the levels of ^^Ni by 38% through EC and 62% by p' 
emission. The measured values of the cross sections for this reaction are 
presented in Table 4.2. 
Table-4.2 
Measured cross sections for the reaction °^ Cr(C,p2n)^ ^Cu 
Incident flux, { (J)} =2.96x10^^ p/sec-cm'^ 
Number of target nuclei, { No} =4.44x10^^ 
S.No. Incident Projectile Weighted Average 
Energy (Me V) cross section a (mb) 
1 52.2 433.4 ±6.5 
2 60.6 379.6 ± 3.3 
3 67.8 244.1 ± 2.4 
4 74.6 122.3 ±2.3 
5 80.0 42.4 ±2.5 
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4.3 Excitation function for the reaction "Cr(C,p3n)®°Cu 
The evaporation residue ®°Cu is formed by the complete fusion of ^^ C with 
^^ Cr followed by evaporation of one proton and three neutrons. In this reaction, 
the product nucleus has half-life 23.2m and spin parity 2*. The Q-value of this 
reaction is - 28.574 MeV. The ground state of ®°Cu decays to the levels of ^°Ni 
through the electron capture and p* emission. The percentage of decay through 
EC is 7% and through p* emission is 93%. The reaction cross sections obtained 
for this reaction at four different projectile energies are given in Table 4.3. 
Table-4.3 
Measured cross sections for the reaction ^^Cr(C,p3n)^ °Cu 
Incident flux, { cj)} =2.96x10^^ p/sec-cm'^ 
Number of target nuclei, {No} =4.44x10^^ 
S.No. Incident Projectile 
Energy (MeV) 
Weighted Average 
cross section a (mb) 
1 60.6 86.9 ±4.6 
2 67.8 188.9 ±4.8 
3 74.6 181.9±4.8 
4 80.0 87.1 ±1.8 
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4.4 Excitation function for the reaction "Cr{C,ap3n)^®Co 
The half-life of product nucleus is 77.7d and spin parity is 4*. The Q-value 
of this reaction is - 33.305 MeV. The ^^Co isotope is produced by complete 
fusion of ^^ C with ^^ Cr followed by the evaporation of one a-particle, one proton 
and three neutrons and also by incomplete fusion of °Be fragment of the 
projectile followed by the emission of one proton and three neutrons. This 
residue decays to the levels of ^Fe by 81% through EC and 19% by p* emission. 
The reaction cross sections obtained for this reaction are given in Table 4.4. 
Table - 4.4 
Measured cross sections for the reaction ^^Cr(C,ap3n)^^Co 
Incident flux, { cj)} =2.96x10^^ p/sec-cm"^ 
Number of target nuclei, { No} =4.44x10^^ 
S.No. Incident Projectile Weighted Average 
Energy (MeV) cross section a(mb) 
67.8 491.9 ±85.8 
74.6 936.6 ± 66.9 
80.0 1728.4 ±63.5 
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4.5 Excitation function for the reaction ^^Cr(C,ap4n)"Co 
The half-life of product nucleus Is 17.5h and spin parity is 712. The Q-
value of this reaction is - 43.387 MeV. The evaporation residue of this reaction 
may be produced either by complete fusion of ^^ C with ^^Cr target followed by the 
evaporation of one a-particle, one proton and four neutrons or by incomplete 
fusion of ^Be fragment of the projectile followed by the emission of one proton 
and four neutrons. This residue decays to the levels of ^^Fe through EC and p* 
emission. The reaction cross sections obtained for this reaction are tabulated in 
Table 4.5. 
Table - 4.5 
Measured cross sections for the reaction Cr(C,ap4n) Co 
Incident flux, { (f)} =2.96x10^^ p/sec-cm"^ 
Number of target nuclei, { No} =4.44x10^^ 
S.No. Incident Projectile Weighted Average 
Energy (MeV) cross section a (mb) 
74.6 53.8 ±7.7 
80.0 93.0 ±25.1 
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4.6 Excitation function for the reaction "Cr(C,a3pn)*®Mn 
The half-life of product nucleus is 2.58h and spin parity is 3 .^ The Q-value 
of this reaction is - 30.870 MeV. The evaporation residue of this reaction may be 
produced either by complete fusion of ^^ C with "Cr target followed by the 
evaporation of one a-particle, three protons and one neutron or by incomplete 
fusion of ^Be fragment of the projectile followed by the emission of three protons 
and one neutron. The reaction cross sections obtained for this reaction are 
shown in Table 4.6. 
Table - 4.6 
Measured cross sections for the reaction °^Cr(C,a3pn)^^Mn 
Incident flux, { (j)} =2.96x10^^ p/sec-cm"^ 
Number of target nuclei, { No} =4.44x10^^ 
S.No. Incident Projectile Weighted Average 
Energy (MeV) cross section a (mb) 
67.8 76.9 ± 4.7 
74.6 161.5 ±4.4 
80.0 234.3 ±9.7 
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Results and Discussion 
In the present work, the excitation functions (EFs) for carbon-induced 
reactions on chromium have been experimentally measured in the energy 
range about 52.0 to 80.0 MeV. The reactions studied at five projectile 
energies were ^^Cr(C,2nf^Zn, s2Qr(c,p2n)^ ^Cu, 52Qr(c,p3n)^Cu, 
52cr(C,ap3n)^Co. ^2Cr(C,ap4n)^Co and ^ 2Cr(C,a3pn)^Mn. To the best of our 
knowledge no earlier measurements are available in literature. 
5.1 Analysis with ALICE-91 code 
The excitation functions (EFs) have also been calculated theoretically 
using computer code ALICE-91 (1). in this code, calculations of the compound 
nucleus equilibrium decay and pre-equilibrium particle emission in light and 
heavy ion reaction have been done within the framework of Weisskopf-Ewing 
model (2) and geometry dependent hybrid model (3), respectively. However, 
in the first step of evaporation, the contribution from pre-equilibrium (PE) 
process has been included only. This code Is described earlier in Chapter III, 
In this code, some important input parameters, which were used to fit 
the experimental excitation functions, namely Level density parameter 'a', 
mean free path multiplier 'COST and Initial exciton number 'no'. The level 
density parameter 'a' takes care of equilibrium (EQ) as well as pre-equilibrium 
components while the mean free path multiplier 'COST and the initial exciton 
number 'no' greatly governs the pre-equilibrium component. The level density 
parameter 'a' is calculated by using the expression a = A/K, where 'A' 
denotes the nucleon number and 'K' is a level density parameter constant 
designated as PLD and can be varied to match the experimental data. The 
value of this parameter (K) is varied from 14 to 22 (4). The effect of variation 
of PLD on the calculated excitation functions for the reactions ^ ^Cr(C,2n)^ ^Zn, 
^^ Cr(C,p2n)®^Cu and 2^Cr(C,p3n)®°Cu are shown in Figs.5.1 - 5.3. It is evident 
from Figs. 5.1 - 5.3 that the value of PLD equal to 22 reproduces the 
experimental data for these reactions. 
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Code ALICE-91 with different values of PLD = 14 - 22. 
To see the effect of variation of 'COST' on excitation functions, 
calculations have been performed for different values of COST (4,6,8). As a 
representative case the effect of variation of parameter 'COST' on the 
calculated excitation function for the reaction ^^Cr(C,p3n) ^ Cu is shown in 
Fig.5.4. Further, it has been noticed that effect of 'COST' variation is 
negligible in heavy ion induced excitation functions; hence we conclude that 
COST is insensitive parameter. 
In pre-equilibrium calculations, the initial exciton configuration (no) is a 
crucial quantity. The influence of no on the results of PE-calculations was 
examined by varying the initial exciton configuration no (n-p-h), which is the 
sum of the number of neutrons (n) and protons (p) in excited state and the 
number of holes (h) after the first collision (5). 
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Fig.5.4: Experimentally measured and theoretically calculated EF, using Code 
ALICE-91 with different values of COST = 4 -8 , PLD = 22 and no = 12. 
In order to see the effect of variation of no on calculated excitation 
functions, calculations were done by varying no from 1 2 - 1 6 with an initial 
exciton configuration no=12(6n+6p+Oh), no=14(6n+7p+1h), no=16(6n+8p+2h). 
The effect of variation of the initial exciton number for the reaction 
^^Cr(C,p3n)^°Cu is shown in Fig. 5.5. The figure showing the smaller value of 
'no' means that the initial state is less complex and hence far from equilibrium 
and it is expected to be a larger pre-equllibrium contribution. The larger value 
of 'no' means that the system is nearer to the equilibrium stage and it is likely 
to have smaller pre-equilibrium contribution. The value of no = 12 may be 
justified by assuming that the projectile ^^ C breaks up in the nuclear field of 
the target nucleus creating 12 excitons. 
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It may be pointed out that a set of k = 22, no = 12 with COST = 6 gives 
satisfactorily reproduction of the magnitude of experimental data for the 
reactions ^^CT{C,2x\f^Zr\, =2Cr(C,p2n)^^Cu & ^2Cr(C,p3n)^Cu as shown in 
Figs. 5.6 - 5.8 while chosen set of parameters do not reproduce the same for 
the reactions ^2Cr(C,ap3n)^Co, ^2Cr(C,ap4n)^Co & ^2Cr(C,a3pn)^Mn as 
displayed in Figs. 5.9 - 5.11. 
For the ^2Cr(C,ap3n)^Co, ^2Cr(C,ap4n)^^Co ^2Cr(C,a3pn)^Mn 
reactions, the theoretical predictions of code ALICE-91 give substantially 
small cross sections as shown in Figs. 5 .9 -5 .11 . The enhancement of the 
cross section indicates that these channels are not only reproduced by 
complete fusion of ^^ C followed by evaporation of neutron, proton and alpha 
particles but also by some other process, which may be mcompleie fusion of 
^^ C with ^^Cr. Theoretical calculations for ALICE-91, however, do not take the 
incomplete fusion process into account. As such the discrepancy in the 
experimentally measured excitation functions and the calculated counter parts 
Aa 
may be attributed to the above mentioned incomplete fusion (ICF) processes. 
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<^'^ 
As in the case of heavy ion induced reaction the projectile imparts 
relatively large angular momentum to the composite nuclear system. The 
compound system formed by incident particles of different masses, have 
appreciably different angular momenta, when excited to the same excitation 
energy. This in principle can lead to differences in the excitation functions. As 
in the last stage of nuclear de-excitation, the high angular momentum 
imparted by heavy ion inhibits particle emission more than the gamma-ray 
emission. Then the peak of excitation function corresponding to the particle 
emission mode will be shifted to the higher energy side (6). Such a shift could 
also be produced if the mean energy of the evaporated particles increases 
with increasing nuclear spin. The order of this shift can be obtained from the 
rotational energy. The overall estimate of the possible energy shift due to 
angular momentum effect may be calculated from the nuclear rotational 
energy. In the regime of incident energies considered in the present work, the 
nuclear rotational energy shift (EROI) was obtained by the expression (3.9). 
Since the angular momentum effect has not been considered in the present 
version of this code (ALICE-91) for pure Weisskopf-Ewing calculations, it is 
obvious to shift the calculated excitation functions by the amount =12.0 -18.5 
MeV. It has been found that the code ALICE-91 calculations satisfactorily 
reproduce the experimental data when the energy scales of the calculated 
excitation functions are shifted by respective ERC* values. It is very clear from 
Figs. 5.7 & 5.13 that the excitation functions for the reaction ^^Cr(C,p2n)^^Cu 
is in good agreement with the calculated values after taking into account the 
rotational energy shift. 
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Fig.5.7: Experimentaiiy measured and theoretically calculated Pre-equilibrium 
(PE) and Pure Equilibrium (EQ), EF, using Code ALICE-91 (Without 
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equilibrlum (PE) and Pure Equilibrium (EQ), EF, using Code ALICE-
91 (Applying Rotational Energy Shift). 
KA 
5.2 Conclusion 
In the present analysis, excitation functions for six reaction channels in 
^^ C+^ Cr system at incident energies have been measured and compared with 
predictions of the code ALICE-91. It was found that in some reaction channels 
i.e. ^2cr(C,2n)^ 22n, 52cr(c,p2nf^Cu and ^2Cr(C,p3n)^Cu, there is a good 
agreement between theoretical and experimental values. However, in alpha 
emission channels i.e. ^^Cr(C,ap3n)^Co, ^^Cr(C,ap4n)^Co and 
^^Cr(C,a3pn)^Mn reactions there is a significant enhancement in the cross 
section values which leads to a new mode of reaction termed as incomplete 
fusion (ICF). In order to have further confirmation of ICF and to find out 
relative contribution of complete fusion (CF) and incomplete fusion (ICF) in a 
particular reaction channel, more detailed experiments for the measurement 
of energy spectra of emitted particles are required. 
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